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SOME LOW-SFEED CHARACTERISTICS OF AN ATR-INDUCTION SYSTEM
HAVING SCOOP-TYPE INLETS WITH PROVISIONS FOR
BOUNDARY-LAYER CORTRQL

By EBarl C. Watson
STUMMARY

An Investigatlon was conducted at low speed of an alr—induction
system having twin scoop-type inlets on the sides of the fuselage of a
model of an airplane designed for flight at supersonic Mach numbers.

The leadling edge of the lip of the scoop was rounded and there were pro—
visions for control of the boundary layer ahead of the inlet.

An anslysls of the data indicated that high external drag was asso—
clated with separation of the flow from the external surface of the lip.
Several different profilles for ths 1lip were Investigated and one was
chosen for further tests of the alr—induction system. There was no
separation from the extermal surface of the lip selected for mass—flow
ratios above 0.75 at angles of attack between 1° and 11°, and at 0°
angle of attack the ram-recovery ratio was the highsest obta.ined.

For the lip profile chosen for detailsed investigation operating
with a ratio of boundary-layer-control duct flow to main duct flow of
0.075, data are presented showing the varistion of the ram-recovery
ratio in the main duct with mass—flow ratio, end the menner in which the
ram-recovery ratio was affected by angle of attack and angle of sideslip.
At 0° angle of attack and sideslip the ram-recovery ratio varied from
0.95 at a mase-Flow ratlio of 1.0 to 0.79 at a mase—flow ratio of 2.2.
The ram-recovery ratlio decreased about 0.05 with a change Iin angle of
attack from 0° to 9°,

Some increass in the ram—recovery ratio In the main duct resulted
from boundary-layer removal. For example, at a mass—flow ratio of 1.0,
varying the boundary-laysr—control duct flow from O to 0.075 of the
mein duct flow increased ths ram-recovery ratio about 0.035.
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Date sre also presented which show the distribution of the ram—
recovery ratio at the compressor inlet station, the pressure distribu~
tions on various surfaces, and the characteristics of the boundary layer
in the vicinity of the entrance to the main scoop.

INTRODUCTION

There are limited data avallable on the low—speed characteristics
of air—induction systems for use in alrplanes designed for flight at
supersonic speeds. The Investigation reported in reference 1l was con—
cerned with the low—speed characteristics of e fuselage side inlet for
use at transonic flight speeds; that reported 1n reference 2 was con—
cerned with the low—speed characteristics of two supersonic inlets hav-—
ing sharp leading edges, one designed for flight Mach numbers up to 1.2,
and the other for flight Mach nuwbers up to 3.0. In each of thess
investigations the inlets were annular with a comical central body. The
investlgation of referesnce 3 was made to determine the subsonic charac—
teristics of air—induction systems for a hypothetical airplane which
would utillze scoop—type inlets designed for a Mach number of l.7T.
These Investigations lndicated that separation of the flow from the
Internal surfaces of the lips occurred at high mass—flow ratios and
reduced the pressure recoverles of the Inlets, and that separation of
the flow from the externsl surfaces of the lips occurred at low mass—~
flow ratlios and increased the external drag.

As part of a program for the development of a supersonic research
alrplane, an experimental investigation was undertaken of an air—
inductlon system which had twin scoop—type inlets on the sides of the
fuselage. The forebody of the fuselage, which was approximately tri-
angular in cross section, was deslgned to produce external supersonic
compression of the alr by utlllzing the conlcal shock wave at the nose
and an oblique shock wave at each Intake ramp. A rounded lip was
employed and thus a normasl shock wave and a reglon of subsonic air flow
would always occur Just ahead of each maln scoop. A boundary-layer
scoop was located at the leading edge of esach inteke ramp in order to
reduce the quantity of low-energy alr entering the main ducts and to
reduce the boundary-layer and shock—wave interaction at supersonic
gpeeds.

The results of tests of a simplified version of the design at
supersonic speeds are given in reference 4. The results of tests of a
1/b—scale model of the design at low subsonic speeds are presented
herein. This investigation, made for various angles of attack, angles
of sldeslip, and mass—~flow ratios in the main snd boundary-layer—
control ducts, was concerned with the following:

«CONFTDENTMRT,
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l. The flow conditlons over the llps of the main scoops and the
development, 1f necessary, of a lip profile over which there would be no
separation of the flow from the externsl surface for mass—flow ratlos
between 0.75 and 1.0 (the range of mase~flow ratio expected for the
operstion of these inlets at subsonic speeds);

2. The pressure—recovery characteristics of the main and boundary—
layer—control ducts;

3« The pressure distributlions on various surfaces; and

k., The characteristics of the boundary layer in the vicinity of
the entrance to the scoops.

NOTATION
Symbols
A duct cross—sectional area, square feet
a speed of sound In alr, feet per second
CDS wake—survey drag coefficient based on the entrance area of the
mein duct
D drag, pounds
h distance normal to a-surface s Inches
H totel pressure, pounds per square foot
M Mach number < g)
P static pressure, pounds per sguare foot
P pressure coefficlent <I_)Z;B‘Z
P
q dynamic pressure, pounds per square foot
u local veloclty in the boundary layer, feet per second
g locel velocity immediately outside of the boundary laysr, feet
per second
O —
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velocity, feet per second

geometric angle of attack of the fuselage reference plane,

degrees _
(Nose up is the positive direction.)

angle of sildeslip, the angle between the fuselasge plane of
symetry and the fiight path, degrees
(Nose to the left is the positive direction.)

thickness of the boundery layer to where the local veloc—
1ty u 1s 0.99 of the velocity U outside the boundary
layer

’ (o)
boundary-layer displacement thickness [ f <l—% dh_-J,
o

s}
boundary-layer momentum thickness [ f %( - %) d_h:]
o

angular posltion of the pressure tubes in the rake at the
station corresponding to the compressor inlet, measured
clockwise about the center of the main duct from the duct
vertical reference line as viewed looking forward

mass denslty of the alr, slugs per cubic foot

S et 14 0t 2 ok 21

compressibility factor <l+ %M2+ 1—3'6 M+ 3_61_05 M. . )
Subscripts -

free stream

station at which the entrance ares of the main duct was
determined, station 294 . . —

simlated compressor inlet, statlon 394.5 : -
boundary—laysr-control duct

local position _

£~ GONFIUENTIATY
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Paramsters

H -

Po ram-recovery ratlo
Hy — Do
e megs—flow ratio In the main duct <-%J-'Il>
o poA-lvo
EE ratio of the mass flow through the boundary-layer—control duct
my

.
to the mass flow through the main duct (pBAB B)

P1A1V3

DESCRIPTION OF MODEL AND APPARATUS

The model was one—fourth full slze and was mounted on its left side
a8 shown in figure 1. A more detailed view showing the scoops on the
right side of the model can be seen 1n figure 2. Statlon numbers on the
fuselage and dimensions, unless otherwlse indicated, are in inches, full
scale.

After soms preliminary testing the model was revised to conform
with proposed changes to the fuselage and alr—induction systems of the
glirplans. From these tests it was found that closing the ducts on ome
slde of the model at the plenum chamber did not affect the characteris—
tlce of the ducts on the other side. Thus, only the right side of the
model was revised to the appropriate contours end the ducts on the left
slde were sealed at the plenum chambers. Some of the changes can be
seen In flgure 1 by camparing the right and left sides of the model. It
should be noted that the data presented in this report are only for the
revised right slde of the model.

A portion of the revieed main scoop between stations 291 and 300
was so designed that it could be removed in order that different pro—
files for the lip of the scoop could be investigated. The detalls of
the orientation of the lip are shown In Pigure 3, together with the per—
tinent dlmensions and contours of the fuselage and the scoops. The pro—
files of the lips investigated are shown in figure 4 and the coordinates
are glven in table I. The internal profiles of all the lips faired to
the duct contour at station 300 Lip E and lip O had the same internal
profile. The external profile of lips O, B, D, and F wae designed to
fair to the contour of the scoop surface at station 300. For lips E and
G the externsl profile was faired to the scoop surface at statlon 325.

Figure 5’shows the longltudinal variatien of the area of the main
duct. The ratioc of the area a'b sta.tion 391+ 5, the statlon cerrespending

Jeve i
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to the entrance to the compressor of the englne, to the entrance area of
the main duct was 1.267. The entrance area, which was defined as that
at station 294, was 248 square inches.

The starter housing with the spimner, and the starter-housing
struts, which had the NACA 0024 airfoil section with a full-scale chord
of 34125 inches, are shown in figurs 2.

Preossure recovery in the main duct was calculated from msasurements
at station 39%.5. The rake used to obtain the measurements can be seen
in figure 2. The orientation of the 76 total—pressure tubes and the
8 static~pressure tubes of the rake 1s shown in figure 6.

The pressure recovery in the boundary-layer-control duct was calcu—
lated from measuremsnts at station 291, and the orientation of the
pressure tubes is shown in Pigure 6.

Other instrumentation of the model Included flush orifices along
the canopy, along the intake ramp, and along the top and floor of the
duct in the plane through the center of the duct. The flush orifices in
the scoop surface forward of station 300 were in the same plane, but
behind station 300 they were in the plane designated Zy 1n figure 3.

Removable rakes were used to measure pressures in the wake from the
1ip of the mein scoop and in the boundary layer ahead of the main scoope.

The T6 total-pressure tubes of the reke in the main duct were con—
nected to an integrating water—in-glass manometer which provided the
Indlvidual as well as the arlthmetic mean of the total pressures.
Because of the spacing of the tubes this arithmetic mean was approxi-
mately the same as the area-welghted-everage ramrecovery ratio. All
other pressure tubes were comnected to multiple manomweters. Readings
©of all manometers were recorded photographically.

A plenum chanmber for the main ducts and e plenum chamber for the
boundary—layer—control ducts were inside the model, and an individual
plping system connected each chamber with a separste blower.

The quantity of alr flow through the mein ducte was regulated by
means of a centrifugasl blower driven by an electric motor, and was
metered by means of a calibrated A.S.M.E. orifice meter in the piping
system. The quantity of ailr flow through the boundary-layer—control
ducts was regulated and metered in a similar manner.
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Tests

The tests were conducted in one of the Ames T— by 10— foot wind
tunnels at a Reynolds number of approximately l.b x 10® for a length of
1 foot. The free—streem Mach number was approximavely 0.16.

Static pressures on the external and intermal surfaces of the 1lip,
and static and total pressures in the wake of the 1lip and at the com—
pressor inlet station were msasured for each of the lips tested. The
data from these measurements, together with tuft observatlons, provided
a besls for comparing the llps. The profile of 1lip E was selected and
used for further tests. Unless otherwlse specified, the data presented
in this report are for lip E on the right main scoop. With this lip,
teats were made for the followlng range of variables:

1. Main duct mass~flow ratio (M1/Mo) o « o ¢ o « » « « « O to 4.0

2. Ratlo of the mass flow through the
boundary-layer—control duct to
the mass flow through the main
duCt:mB/ml'o...o'o-o.nooonot.OtOOols

3. AnglGOf&ttaCk,av ¢ o & 8 8 ¥ & ¢ 2 8 " 8 e & v @ Ooto+210
b, Angle of 5136811D, B o « o o« o s o o« s o o 09 ~10°, and + 10°

The ratio of the mass flow through the boundary-layer—control duct to
the mass flow through the main duct mB/ml we.s8 0.075, except when the
primary concern was to measure boundary—layer velocity profiles or to
Investigate the flow in the boundsry—layer-control duct. Zero flow in
the boundary-layer-control duct was obtained in two ways: In one the
boundary-layer—control duct was sealed at the plenum chamber, and in the
other a plasticene fairing was used from the intake ramp to the canopy.

RESULTS AND DISCUSSION

Characteristics of the Lips Investigated

A region of separated flow over the external surface of the orig—
inal 1ip, lip O, of the mein scoop was 1ndicated during the tests of the
model. The profile of the 1lip was modifisd in an attempt to (1) elim—
inate separation from its external surface for mass~—flow ratlos above
0.75 (a2 mass—Flow ratio of 0.T75 was chosen as the lowest mass—flow ratio
that might be encountered with the airplane at subsonic speeds), and
(2) to improve the pressure recovery at the compressor—inlet station.

m
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Pressure distributions on the external surfaces of the lips are _
presented in figures T(a) through T(f) for a model angle of attack of O°.
Separation of the flow from the external surface of 1lip O, the original
1lip, occurred as the mess—flow ratio was reduced from 1.0 to 0.8. This
separation is indicated in figure 7(a) by the collapse of the reglon of
minimum pressure neer the leading edge of the lip into an extended region
of less negative pressure. As the mass—flow ratio was further reduced to
0.6, the region of relatively constant pressure was enlarged and the min—
imum pressure coefficient became less negative. The pressure coefficients
shown in figure T are an indication of the flow conditions over the lip
and scoop surface neer the plene Zp only. Tuft studies were made to
determine the lowest mass—flow ratio for unseparated flow as a function of

the angle of attack. TFigure 8 shows the lowest mass—flow ratio for unsep— B

arated flow over the external surfaces of lips 0, E, and F for engles of
attack between 0° and 15°. The tuft studies indicated that the separation
originated at the leading edge of the lips. At low angles of attack it
occurred first from the lower surface of the scoop; at high angles of
attack it occurred first from the upper surface. (See fig. 3, view C-C
for surface designations.) Data for o° angle of attack indicated that the
flow over lip B was attached for mAss—flow ratios down to 0.6, and that
over lips D and G the flow was attached at a mass-flow ratilo of O.4, Tuft
studies were not made throughout the range of angle of attack with lips B,
D, and G. The data for 0° angle of attack Indicated that these lips would
be satisfactory from the standpoint of external separatior; however, the
ram-recovery ratio in the main duct was adversely affected by these lips
at high mass—flow ratlos, as 1s evident from figure 9.

Figure 9 shows the variation of ram—recovery ratio with mass—flow
ratio In the main duct for the six lips. The lowest ram—recovery ratios
were obtained with the most—drooped lips (lips B, D, and G, see fig. k).
Large differences in the ram-recovery ratios for the llps occurred only
at high mass—Fflow ratios, above 1.6, such as those which may be encoun—
tered during teke—off. These differences wers attributed to the rela—
tive degree of separation of the flow from the internal surfaces of the
lips. It can be seen in figure 9 that the rem=recovery ratio in the
mein duct was hlghest with lip E.

For further investigation of the alr-induction system the profile
of 1ip E, which was thicker and of different camber than the original
lip, was selected for the scoop. Lip E was chosen because there was no
separation of the flow from the external surface for mass—flow ratios
above 0.75, for angles of attack between 1° and 11°, and at 0° angle of
attack the ram—recovery ratio in the main duct was the highest obtained.

To estimate the effect of separation of the flow on the drag of the
1lip, pressure measuremsnts were obtained in the wake of lips O and E at
station 357. These measurements were made at three dlfferent positions
on the surface of the scoop. (See fig. 2.) Evaluation of the pressures

OMIRBEEIE

m-:w



NACA RM AS1F15 SONTEEEN— 9

by the method suggested in reference 5 gave a relative subsonic drag
coefficient for each lip. The wake—survey drag coefficients, based upon
the entrance area, are shown for each of these two lips In figurse 10 for
a range of mass—flow ratio and angle of attack. The drag coefficients
for each lip were about the sams when there was no separation from
elther 1ip, that is, the values of the wake—survey drag cosfficient for
lip O at a mass—flow ratio of l.2 were about the same as the values for
lip E at a mass—flow ratio of 0.8. For equal mass—flow ratios between
0.60 and 1.0 the drag of lip E was considerably less than that of 1ip O.
It is evident that separation from an improperly designed 1lip, such as
1ip O, would have a considsrable effect on the drag of the fuselags.

Characteristics of the Main Duct With Lip E

The pressure recovery in the main duct varied with the mass~flow
ratio of the maln duct, wlth the angle of attack, with the angle of
gldeslip, and with the quantity of alr flow in the boundary-layer—
control duct. Flgure 11 shows the varistion of the ram-recovery ratio
at the compressor Inlet station with the mass-flow ratio for the main
duct with lip E. The ram-recovery ratio computed on the basis of

isentropic flow and a duct efficiency HH2 Pl) of 0.97 also is shown
1~P1

in figure 1l1. Because the difference between the two curves was nearly
consgtant for mass-flow ratios between 1.0 and 2.2, it can be assumed
that there was no separation of the flow from the internal surface of
the lip. For Increasling mass—flow ratios above 2.2 the difference
between the ‘two curves increased rapidly and thereby indicated a
decrease In ram-recovery ratlo probably resulting from separation of the
flow.

For power—on statlc conditions, which would bes encountered prior to
take—off, the mags—~flow ratio of the duct becomes infinite. For this
conilition, the pressure—loss coefficient is presented in figure 12 as a
function of the impact pressure at the entrance of the duct. The impact
pressure was calculated assuming isentropic flow from free stream to the
inlet, and at iteg highest value the Mach number at the entrance of the
duct was approximately O.3k.

Pigure 13 shows the varlatlon of ram—recovery ratio 1ln the main
duct with angle of attack for constant mass—flow ratios. Changing the
angle of attack from 0° to 9° reduced the ram-recovery ratio about 0.05,
or less, depending on the mass—flow ratio. The rate of change of ram-—
recovery ratio with angle of attack was greater at angles sbove 9°. The
combined effects of changes of angle of attack and mass—~flow ratio on
the ram—recovery ratlio are shown in a three~dimensional plot in



10 CONFIDENTIAL NACA RM ASL1F15

figure 1k, which shows convenlently the adverse effects of high mass—
flow ratio and angle of attack. '

Figures 15(a) through 15(f) show the effects of angle of sideslip
on the ram-recovery ratio in the main duct for varlous angles of attack
and mass-flow ratlos.

The circumferential dilstributions of the rem-recovery ratio at
three different radial distances from the duct wall at the compressor
inlet station are shown in figure 16(a) through 16(f) for various mass—
flow ratios and an angle of attack of O°. At the radisl distance clos—
est to the duct wall the circumferential variations in the ram-recovery
ratio were greater than at the other two radlal distances by an amount
which varied with the mass—flow ratio. The greatest variation — indic~
atlve 'also of the largest pressure losses — occurred in the reglon which
would be most influenced by the flow along the floor and from the .
corners of the duct. Exploratory pressure surveys indicated that large
pressure losses originated in the corners at the entrance of the duct
presumably because of local flow separatione.

Figures 17(a) and 17(b) show that the maximum measured clrcum—
forential varlation of the ram—recovery ratio was from about 0.1l5 to 1,7
for mass—flow ratios between 0.5 and 2.4, respectively. Parts (a) and
(b) show the effects of angle of attack and of angle of sideslip, res—
pectively. Also shown'ln this figure is the computed circumferential
varlgtlion of ram—recovery ratio based upon a circumferentisl variation
of total pressure at the compressor inlet of 1 pound per square inch for
gtanderd sea level conditions. Note that below a mass—flow ratio of
about 1.2 the meassured varistion exceeded the computed variation.
Whether such a circumferential variation of total pressure is excessive
or not would depend upon its effect or the engilne.

Characteristics of the Boundary-Layer-Control Duct

The influence of the variation of the quantity of flow in the
boundary-layer—control duct on the pressure recovery in the main duct
can be seen in figure 18, The data for the value of mp/my = O were
obtained wlth the boundary-layer—-control duct sealed at the plenum
chamber. As can be seen in the filgure, the largest portion of the gailn
in rem-recovery ratio which resulted from a variation of mB/ml from
0 to 0.15 was realized when mpg/m; was 0,075.

At a mass-flow ratio of 1.0, verying mp/mi from O to 0.075
increased the ram—recovery ratio approximately 0.035. When a plasticene
falring from the intake ramp to the canopy was used to seal the
boundary-layer—control duct, the increase wes approximstely 0.025.

GONRIDENT hddee
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Thus, at subsonic speeds it may not be necessary to remove the boundary
layer for this type of 1nlet comblnatlion particularly if there 1s proper
falring between the Inteke ramp and the canopy.

Flgure 19 shows the variation of the rem-recovery ratio in the
boundary-layer—control duct with the quantlty—of—flow parametor mp/m;
for various mass—flow ratios in the main duct. Figure 20 shows this
variation in a three—dimeunslonal plot which convenientiy indlcates that
the pressure recovery In the boundary—-layer-—control duct was adversely
affected by & combingtion of high mass—flow ratio in the msin duct and a
high valus of the ratio of boundary-leyer—control-duct flow to
malin—duct flow.

The effects of angle of attack and angle of sideslip on the ram—
recovery ratlo in the boundary-laysr-~control duct are shown in
figures 21 and 22, respectively, for m /ml = 0.075. The low pressure
recovery in the boundary—layer-—control d.uct throughout the range of
variables of the test can be attributed mainly to the low energy of the
air in the boundary laysr.

Prossure Coefficlent Distributions and
Boundary-Layer Characteristics

Pressure coefficient dlistributlions on the canopy, on the intake
ramp, on the top and floor of the main duct, and on the scoop surface
are presented in figure 23 for various mass—flow ratios and in figure 24
for various angles of attack. At a mass—Plow ratio of 1.6 the pressure
coefficlents on the top and floor of the duct were only affected
slightly by angles of attack up to 15°.

Figure 25 shows the momsntum and displacement thicknesses of the
boundary layer ahead of the maln scoop for a wide range of flow condi-
tions in both the maln and boundary-layer—control ducts. For mass—flow
ratios between 0.5 and 1.6, the pressure distributlions and boundary—
layer profiles for the canopy and Intake ramp indicated that there was
no separation of the flow ahead of the main scoop for any of the quanti-
ties of flow in the boundary—layer-control duct.

CONCLUDING REMARKS

A wind-~tunnel investigation at low speed was made of the alr—
induction system of & model of an airplane fuselage designed for flight
at supersonlic Mach numbers. The data presented are an Indicatlon of the
conditlions of the flow over the surface of the scoop, over the Intake

C GhRRRIELAL
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ramp, over the canopy, and of the flow in the main and boundary—layer-—
control ducts. The more important results and conclusions which were
reached are as follows:

1. Data and observations from this investigation indicated that
the profile of the ariglnal 1ip for the main scoop would be unsatls—
factory for subsonic speeds because the flow over the external surface
of the lip was separated for mass—flow ratios of 1.0 and less. Several
different profiles for the lip of the scoop were investigated end of
these one was selected for further tests of the alr—induction system.
This improved lip was thicker and of different camber than the orlginal
lip. With this 1ip on the maln scoop, the flow over the external sur—
face was unseparated at angles of attack between 1° and 11° for mass—
flow ratios of 0.75 and above, and at O° angle of attack the pressure
recovery in the main duct wae improved at high mass—flow ratios.

2., For a given angle of attack and for a glven mass—flow ratio
below 1.0, the drag of the main scoop, as indlcated by the wake—survey
drag coefficient, was much larger with the original 1ip than with the
improved 1lip.

3. At 0° angle of attack and with the improved llp, the ram-
recovery ratio in the main duct varled from 0.95 at a mass—flow ratlo of
1.0 to 0.79 at a mass—flow ratio of 2.2 for a ratio of boundary-layer—
control-duct flow to main-duct flow of 0.075. Increasing the angle of
attack up to 9° gradually decreased the ramrecovery ratio (e decrease
of about 0.05 or less). Above 9° the ram-recovery ratio decreased more
rapidly.

4, Some increase in ram-recovery ratio in the maln duct resulted
from boundary-leyer removel. At a mass—flow ratlio of 1.0, varyilng the
quantity of flow in the boundary—layer—control duct from O to 0.075 of
the flow in the main duct increased the ram—recovery ratio approxi-
mately 0.035.

Ames Asronautical Iaboratory,
National Advisory Committee for Aeronautics,
Moffett Fleld, Califcrnia.
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